Microaggregates composed of platelets, cell debris and fibrin, form during storage of whole blood. ~,z Many of these microaggregates are small enough to pass through the 170/zm diameter pores of the clot filter incorporated in routine administration sets. These microaggregates, therefore, enter the circulation concomitant with an infusion.
It has been suggested that respiratory insufficiency following massive intravenous blood transfusions may be attributable, in part, to the accumulation of microaggregate emboli in the pulmonary circulation. 3 In response to these observations and hypotheses, several transfusion filters are now available to remove these microaggregates from blood during transfusion.
This laboratory has previously evaluated the in vitro performance of several transfusion filters, ~6 including the Bentley PF-127, Fenwal 4C2417 and 4C9003, Pall Ultipor a, Swank IL-200 and the Johnson & Johnson lntersept R. The purpose of the present study was to evaluate a new design of depth filter identified as the Bentley PFF-100 and to compare its performance with the filters indicated above.
test unit was collected in a Fenwal Transfer Pack.
Samples of blood from the test unit were analyzed for screen filtration pressure, microaggregate count, total volume of microaggregate and size distribution, platelet, erythrocyte and leukocyte count, packed cell volume, plasma haemoglobin, total and fractional proteins, sodium and potassium, and erythrocyte fragility. Measurements were performed on the fresh blood and then, after 21 days of storage, before and after filtration. The blood samples for these measurements were collected in plastic syringes with a Swinuex filter holder containing a woven nylon screen with 170 #tin diameter holes. This material was identical to that used for the clot filter incorporated in clinical transfusion sets and, thus, the samples obtained were representative of the blood that would be transfused into a patient.
In addition, the rates of blood flow across the Bentley PFF-100 filters were measured and the wet and dry weight of material removed was evaluated. The material collected on the 170/zm clot filters and on the screens used to measure screen filtration pressure was examined by scanning electron microscopy.
STUDY DESIGNS

Study A
Six Bentley PFF-I00 filters were studied, and for each filter the following protocol was followed. Two units of type specific outdated bank blood (21 to 26 days old) were run through each filter to preload it, and these were followed by a third unit of test blood that had been stored for 21 days. A constant pressure of 19.95 kPa (150 tort) was applied to assist the flow of all three units. After passage across the filter, the blood from the Bryan E. Marshall 
Study B
Six additional units of blood were collected and stored for 21 days and then were transferred to a Fenwal Transfer Pack. The conditions were thus identical to Study A, except that no filters were interposed during the transfer. Samples of blood were collected before and after transfer, and measurements were made of screen filtration pressure, microaggregate count, volume of microaggregate and size distribution, platelet, erythrocyte, and leukocyte count, packed cell volume, and plasma haemoglobin. The purpose of this study was to identify changes attributable to the transfer and collection in a fresh plastic pack which would otherwise be considered to be due only to passage across a transfusion filter.
METHODS
The test units of blood were obtained from paid, male, adult volunteers after the nature of 204 the study had been explained and a written consent signed. These subjects were asked to refrain from taking any drugs for one week and from smoking for 24 hours before reporting to the donor station.
Blood was collected in plastic bags (Fenwal Blood-Pack) to a final concentration of 450 ml of blood to 63 ml of citrate-phosphate-dextrose (CPD) anticoagulant. The contents of the bags were mixed at least five times during the collection and were then stored for 21 days at 4 ~ C in a blood refrigerator.
Screen filtration pressure ( SFP)
A modification of the method of Swank ~ was employed for the measurement of screen filtration pressure. A plexiglass container holding a nickel screen with pores 20/.~m in diameter was filled with physiologic saline solution and connected to a syringe containing 3 ml of blood. The syringe was placed into a high-pressure Harvard pump which, when activated, forced blood across the screen at a constant rate of 2 ml]10 sec. The pressure generated immediately proximal to the screen was recorded by a Texas Instruments writer through a calibrated transducer. The final pressure reached after 10 seconds of blood flow less the pressure observed with saline solution was calculated as the screen filtration pressure. The final value for each blood sample was obtained from the mean of triplicate determinations.
Total screen protein
Two screens from each screen filtration pressure test were washed with t00 ml physiologic saline solution and then were placed separately into 2 ml of warm I N sodium hydroxide. The protein content in the final solution was measured spect rophotometrically, s
Cell counts
Platelet counts were done in triplicate by phase microscopy, according to the method of Brecher, et al. ~o Erythrocyte count, leukocyte count, packed cell volume and total haemoglobin determinations were done in duplicate by standard techniques with a Model S Coulter counter.
Specific gravity of blood was measured by weighing a precise volume of blood.
Plasma electrolytes, haemoglobin, and proteins
Plasma was obtained by centrifuging whole blood at 3,000 rpm for 10 minutes at 4 ~ C. The supernatant was stored frozen at -4 ~ C until it was analyzed. Plasma sodium and potassium were measured with a flame photometer (Instrumentation Laboratories Model #'343). Plasma haemoglobin was determined by spectrophotometry by the method of Lindberg, et al. t t Plasma proteins were measured and fractions determined by electrophoresis (Helena Laboratories).
Erythrocyte fragility
Fragility of erythrocytes was tested with a Fragilograph (Elron Electronic Industries Model D-2) by measuring the concentrations of saline solution when haemolysis began and was completed.
Blood flow rate
For each test unit the time required for the blood to flow across the filter was measured with a stopwatch. The blood volume was obtained from the weight of each unit, before and after emptying, and from the specific gravity.
The rate of blood flow was calculated for each unit from these volumes and times.
Microaggregate counts
The number, size, distribution and volume of microaggregates contained in the blood were measured with a Coulter Model TA counter+ 9
Fifty microlitres of blood were added to 10 ml of Isoton (Coulter Diagnostics, Inc.) containing 5 ~1 of 25 per cent Zap-o-globin solution. Particle analysis was begun after 15 seconds and completed 15 seconds later; the diluted suspension was stirred throughout. Each final microaggregate analysis, covering ten channels from 10.08 to 80.6 #,m in diameter, was calculated as the mean of five separate determinations. The results are presented as numbers and volumes of particles in each size range as well as their totals.
Wet and dry filter weights
The micropore filters were dried to a constant weight by aspirating warm, dust-free air through them. After the first two units of outdated bank blood had run through the filter, 100 ml of air was injected to remove the excess blood and the filter was weighed. These two measurements provided control wet and dry weights. When filtration of the test unit was completed, 100 ml air were injected to clear the excess blood and the final wet weight was obtained. The filter was flushed with I litre of saline solution to wash the blood from the inside casing and dried in an oven at 6& C until a constant weight was obtained on two consecutive days.
The differences between the initial and final wet and dry weights were divided by the volume of filtered blood. This calculation was used to obtain measurements of the wet and dry material retained by the filters per 100 ml filtered blood. The volume of filtered blood was calculated from the weight of the full and empty storage bag and the specific gravity of the blood.
Scanning electron microscopy
For each blood sample, following measurement of screen filtration pressure, one of the nickel screens was flushed with 100 ml saline solution to remove erythrocytes and then fixed in I per cent glutaraldehyde. The screen was subsequently dehydrated in graded alcohols and amyl acetate and finally subjected to criticalpoint drying. Molecular layers of gold and carbon are deposited on the surface and the specimen was examined in an JEOL JSM50-A scanning electron microscope. Photomicrographs were obtained at 60 and 1,800 x magnification. In addition, samples from the various components of the micropore filter were treated similarly, examined, and photographed.
The data obtained from these measurements were analyzed for statistical significance by Student's t-test.
RESULTS
Study A
The means and standard errors of the data are shown in Tables I and II . In both tables, the data obtained on "Day 0" confirm that the blood was normal at the time of collection, both with respect to the plasma and cellular components and in having minimal microaggregates as indicated by the small values for screen filtration pressure and total screen protein. Some of the well-known changes associated with storage of blood are also demonstrated in comparing the data from "Day 0" to those of "Day 21" pre-filtration.
The results of the plasma analysis before and after filtration are shown in Table I . There were no changes in plasma haemoglobin, sodium, potassium, albumin, globulin, or fibrinogen. Table II shows that filtration was not associated with loss of erythrocytes or white blood cells, or with changes in total haemoglobin, packed cell volume, or erythrocyte fragility; however, a significant (p < 0.05) reduction of platelet count was measured. The formation of microaggregates in the blood during storage for 21 days is documented in Table 11 by the substantial increase in screen filtration pressure, total screen protein, and microaggregate volume observed. All of these changes were significantly (p < 0.05) reduced by filtration.
A detailed analysis of the effect of filtration on microaggregates over the ten channel diameters examined, from 10.08 to 80.6 ~m, is shown in Figure 1 . The filter removed particles over the whole range of sizes. The total number of microaggregates present was a mean of453/mm ~ before and 274/mm 3 after filtration.
The wet weight of material retained by the filter with passage of the test unit of blood was a mean of 733 rag/100 ml, and the dry weight of retained material calculated from all three units was a mean of 42 rag/100 ml.
Scanning electron photomicrographs of the FIGURE 1. Coulteranalysisofmeanmicroaggregate weight in each channel diameter before and after filtration with the Bentley PFF-100 filter. Substantial microaggregate removal at all diameters is evident. The Coulter data for each channel were multiplied by 5.45 • 10 -4 to convert from volume (/zm3/mm 3) to weight (rag/500 ml) of microaggregates (assuming a mean specific gravity of 1.09). 
Study B
The m e a n and standard errors for the meas u r e m e n t s from the six test units of blood in this study are s h o w n in Table Iil. C o m p a r i n g the pretransfer and post-transfer values, there were no statistically significant c h a n g e s in any of the data, including plasma haemoglobin, screen filtration 
DISCUSSION
It was demonstrated in Study B that transferring stored blood from a Fenwal Blood-Pack to a Fenwal Transfer Pack was not associated with significant changes in the measured values. Changes in those values occurring in Study A may, therefore, be attributed to the interposition of the Bentley PFF-100 filter.
The performance of the Bentley PFF-100 with respect to normal plasma and blood cell components was similar to thai of other transfusion filters examined previously. No significant effects were detected on erythrocyte count, total or plasma haemoglobin, packed cell volume, or red cell fragility and, thus, damage to or removal of erythrocytes did not occur. For some of the depth filters previously examined in this laboratory, an increase of plasma haemoglobin was measured after filtration. This was not observed following filtration with.the PFF-100 filter, although it should be emphasized that the degree of haemolysis observed with other filters was small and of no apparent clinical significance.
As with all the other filters, the use of the PFF-100 did not result in changes in the plasma albumin, globulin, fibrinogen, sodium, or potassium, but some reduction in leukocytes and a significant decrease in platelets occurred. Assuming that the latter changes also occur with viable platelets and leukocytes, the use of the filters is not advised when specific replacement of these components is desired.
The most important characteristic of the PFF-100 is its performance with regard to flow rate and microaggregate removal. In Table IV , the principal characteristics of the Bentley PF-127 and PFF-100 filters are compared and, in Figure 3 , the PFF-100 is compared to some other transfusion filters.
A principal concern with the Bentley PF-127 was a slow blood flow rate and a tendency to occlude rapidly. For the Bentley PFF-I00 the flow rate is increased two-or three-fold compared to the older model, and is now comparable to those filters allowing the most rapid flow rates (Fenwal 4C9003 and Pall Ultipor|
The present studies did not measure the number of units of blood that could be usefully filtered, but there was little change of flow rate with the three successive units. This was in striking contrast to the results with the PF-127, and suggests that six or more units of blood might be practical.
The performance of the present filter with re- gard to microaggregate removal is seen to be insignificantly different from that of the PF-127 (Table IV) . In comparison with the Pall Ultipor ~ (Figure 3) , the PFF-100 was considerably more efficient in removing microaggregates. However, in comparison with other depth filters, the Bentley PFF-100 was insignificantly different with regard to its effect on screen filtration pressure, but somewhat less effective in removing microaggregates as measured by wet weight of retained material or change of microaggregate volume with filtration. Screen filtration pressure has been shown to be less dependent on microaggregate quantity than on the presence of fibrin. '2 Thus the PFF-100 is very efficient at removing fibrin, but not so efficient at removing the platelet debris that together with the fibrin make up microaggregates.
In summary, the Bentley PFF-100 filter combines the feature of moderately efficient microaggregate removal with a rapid flow rate. In comparison with the Bentley PF-127, the new filter design has greatly improved the flow characteristics without loss of microaggregate removal efficiency.
SUMMARY
The effects of a new transfusion filter (Bentley PFF-100) on stored whole blood have been examined. Six filters were preloaded by passage of two units of outdated type-specific bank blood and the effects of filtration on a third unit of 21-day-old blood flowing under 19.95 kPa (150 mm Hg) pressure were measured. Filtration did not signifcantly alter erythrocyte or leukocyte counl, total or plasma haemoglobin, red cell fl'agility, plasma sodium, potassium, albumin, or globulin. Platelet counts were reduced by 31 per cent. Removal of microaggregates, assessed by Coulter counting, screen filtration pressure, total screen protein, wet and dry weight of material retained and scanning electron microscopy, was shown to be effective over the entire range of particle size.
In comparison with other transfusion filters previously examined in this laboratory, the Bentley PFF-100 fiher combines the feature of moderately efficient microaggregate removal with rapid blood flow rate. Compared to its predecessor, the Bentley PF-127, this new filter design has improved flow characteristics without loss of efficiency of microaggregate removal.
R~SUMi~
Le nouveau filtre h transfusions sanguines de Bentley, le PFF-100, a 6t6 6valu6. Apr~s y avoir fait passer deux unit6s de sang de banque p6rim6, on y a fait passer une troisibme unit6-test de sang vieux de 21 jours; le passage du sang ~t travers le filtre &ait facilit6 at, moyen d'une manchette fa pression maintenue gonfl6e ;~ 150 mm Hg.
Les d6comptes de globules rouges et blancs n'ont pas 6t6 modifi6s de fa~on significative. De m6me, on n'a pas observ6 de modifications significatives du taux d'h~moglobine totale et plasmatique, de la fragilit6 capillaire, du sodium, du potassium, de I'albumine et de la globuline. Par ailleurs, les plaquettes diminuaient de 31 pour cent.
L'efficacit(: h flitter les microagr6gats a ,~t6 6tudi6e de diverses fa~:ons: appareil-compteur Coulter, mesure de la r6sistance au passage du salin h travers le filtre, contenu en prot6ines des filtres, pes6e du filtrat "humide" et sec, et enfin, 6tude au microscope 6tectronique. On a trouv6 les filtres efficaces pour les microparticules de toute grosseur.
En comparaison des autres filtres h transfusion d6j~, ~valu~s dans notre laboratoire, le Bentley PFF-100 s'est av6r6 mod6r6ment efficace pour la filtration des microagr6gats Iorsque le d6bit sanguin est rapide. Compard b. son pr6d6cesseur le Bentley PF-127, le nouveau filtre permet le passage de d~bits sanguins plus rapides sans perte d'efficacit6 pour les microparticules.
